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ABSTRACT

25 7775

The design and performance of the Jet Propulsion Laboratory’s
hypervelocity 6-in. shock tube are described. The facility is capable
of simulating planetary entry velocities of 45,000 fps. Shock velocities of
32,000 fps into 0.250 mm Hg of air have been achieved in the 6-in.
tube, with a useful test time of 12 usec. Investigations of convective

heat transfer and radiant heat transfer have been completed.

o 5 7 P 5

Voo

I. INTRODUCTION

In the field of planetary-entry fluid physics, present
interplanetary missions require that research equipment
have the ability to simulate space-probe entry velocities
up to 42,000 fps. The Jet Propulsion Laboratory (JPL)
has a need to investigate high-temperature gasdynamic
effects in planetary atmospheres. Some of the practical
engineering problems are connected with the design of
the spacecraft’s heat shield, thus requiring a knowledge

of convective heat transfer, equilibrium radiation heat
transfer, and nonequilibrium radiation heat transfer.

The JPL hypervelocity shock tube has been constructed
to meet these needs. An electric shock tube (Refs. 1 and
2) was selected, sipce the electrical-discharge approach
had already proved successful in obtaining the desired
velocity simulation.
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An electrical shock tube is similar to a normal shock
tube, except that a high-temperature, high-pressure reser-
voir is created behind the shock tube diaphragm by

means of an electrical discharge in the driver gas. This
Report describes in detail the performance and capabili-
ties of the JPL electrical shock tube.

Il. PHYSICAL DESCRIPTION

A. Driven Tube

Figure 1 presents a schematic of the entire shock tube.
The driven tube is a stainless steel tube, 6 in. in internal
diameter, with a wall thickness of 3% in. and an interior
finish of 15 p. The overall length of the driven tube is
approximately 43 ft. The instrument ports are mounted
flush with the interior surface of the tube. The steps at
the flange joints are less than =+-0.0005 in.

The transition section from the driver to the driven
tube incorporates a square-to-round transition with a
simple conical expansion to the 6-in. diameter. The tube
is fastened to the building foundation at the transition

CAPACITOR BANK

—

DRIVER SECTION -\ r A

_‘ TRANSITION

VALVE /, 10-ft TUBE

section. A photograph of the shock tube and related sys-
tems is presented in Fig. 2.

B. Driver

In Fig. 3, the schematic of the driver also shows in
detail the cable connection from the capacitor bank. The
driver has a 2-in. inside diameter and is 26 in. long.
The Teflon liner used to insulate the discharge region and
insure an axial arc reduces the usable diameter to 13 in.

The ignition wire is attached to a spider which prevents
the arc from impinging on the diaphragm, A nylon spacer

SECTION A-A

INSTRUMENT PORT
MODEL SUPPORT

e

/
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Fig. 1. Shock tube assembly
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Fig. 2. Shock tube and related systems
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Fig. 3. Driver schematic
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prevents the ignition wire from touching the rear elec-
trode during the charging period. To initiate the electrical
discharge, a solenoid draws the wire back, and contact is
made with the rear electrode. A 10-mil stainless steel wire
is currently in use.

Although Teflon is presently being used as a liner, some
experience has been obtained with other liner materials.
The use of Delrin liners has resulted in cleaner driven-
tube operation and, perhaps, in better performance. Un-
fortunately, the Delrin liners have a tendency to shatter.
Wound-glass-filament liners give an increase in perform-
ance and are stronger and more durable than Teflon.
However, removal of the ablation products which coat
the driven tube requires a strong acid solution; hence, the
use of these filament liners is undesirable. Further liner
development is in progress.

The diaphragm is made from a 0.044-in. sheet of 321
stainless steel. The diaphragm is scribed approximately
one-third of its depth, the scribe marks forming an “X”
with the corners of the square. Static tests indicate that
these diaphragms break at approximately 6500 psi. The
driver pressure is of the order of 15,000 to 20,000 psi after
the discharge. The present arrangement provides good
opening characteristics for the diaphragm. From a photo-
cell sighted along the axis of the tube, it was found that

Fig. 4. Capacitor bank

the diaphragm begins to open about 80 usec after the
initiation of the discharge and is completely open approx-
imately 200 usec after the start of the discharge. Measure-
ments described in Section II-C show that the electrical
discharge is essentially completed in 50 to 60 wsec, pro-
viding a reasonably uniform slug of high-temperature,
high-pressure gas behind the diaphragm.

C. Capacitor Bank

The capacitor room is shown in Fig. 4. The present
bank has a capacity of 120,000 j, with a charging voltage
of 20,000 v. The entire electrical system has been de-
signed for 300,000 j, and provision has been made to
expand the capacitor bank should this capacity be de-
sired. Each of the 42 capacitors is rated at 14.5 pf. As
indicated in Fig. 2, each of the capacitors is individually
connected by a cable to the collector ring, where the
electrical system is grounded. Since this is the only ground
in the system, troublesome ground loops are eliminated.
A gravity relay, a high-voltage vacuum switch, a ground
switch, and a bank of discharge resistors complete the
electrical system.

To determine the electrical characteristics of the capac-
itor bank, one of the capacitors is instrumented with a
small current shunt and a capacitor voltage divider. Fig-
ure 5 shows typical voltage and amperage characteristics
of the bank during discharge.

The control console for the bank (Fig. 6) is located in a
separate control room. Controls for charging and dis-
charging the bank, remote oscilloscope and camera con-
trols, and remote valving for the vacuum system are

DISCHARGE
VOLTAGE, v

DISCHARGE
CURRENT, amp

Fig. 5. Voltage and amperage characteristics of
capacitor bank
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Fig. 6. Control console

VEECO AIR-

EECO AlR- SHOCK TUBE
OPERATED MAIN VALVE
VALVES giszT VALVE
PVRI50S !
5 . i ROUGHING
lg-m COPPER VALVE LOW-PRESSURE
TUBING | MEASUREMENT
I~ SYSTEM
VCS-4! GATE VALVE
— BC-40 BAFFLE AND BC-003
[ LN2 FILLER
PMC-721 DIFFUSION PUMP (4-in)
VACUUM
PUMP
VCS-2| GATE VALVE

AN

STOKES TYPE 149-H 80- cfm VACUUM PUMP

Fig. 7. Vacuum system schematic

indicated in the Figure. A detailed explanation of this
console is given in Section IV.

D. Vacuum System

A schematic of the vacuum system is shown in Fig. 7.
The system is capable of pump-down pressures less than
5 X 10° mm Hg. The main valve, designed specifically
for the 6-in. shock tube, is a high-pressure form-fitting
valve. The present leak rate for the driven tube and
vacuum system is less than 1 u/hr.
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lll. BASIC INSTRUMENTATION

Two fundamental measurements in shock tube tests
are the initial pressure and the shock speed. With these
two measurements and the conservation equations for a
shock wave, it is possible to calculate the equilibrium
thermodynamic state of shock-heated gas.

The generation of a uniform high-temperature slug of
gas is, indeed, the purpose of a shock tube. A necessary
part of the evaluation of shock tube performance is
the instrumentation that demonstrates the existence of the
uniform gas slug. This Section describes the basic instru-
mentation of initial-pressure and shock-speed measure-
ment, and also the functions of the instrumentation ports
and model support. In Section V, measurements used to
determine the quality of the gas slug are discussed.

A. Initial-Pressure System (Driven Tube)

The initial pressure in the driven tube is determined
by a system designed to measure pressure in the range
of 0 to 15 mm Hg (absolute). The pressure transducer
used is a differential-type Statham strain gage, with a
vacuum of about 10 u on the reference side of the trans-
ducer. An excitation voltage of approximately 2 to 3 v is
applied across the gage, and its output is displayed on a
digital voltmeter. The transducer, vacuum system, digital
voltmeter, and associated power supplies are contained
in a cabinet, as shown in Fig. 8.

The transducer is calibrated in the 0- to 10-mm range
by means of a micromanometer (shown in Fig. 8) utilizing
DC-200 oil and having a pressure range of 0 to 12 mm.
This manometer, a primary standard, is fully described
in Ref. 3. The accuracy of the calibrated transducer is
=+5 p in the 0- to 1-mm range, which has been the range
of utilization of the system.

A more accurate transducer in the range of 0 to 2.5 mm
Hg is also used with a least count of =1 .

B. Shock-Speed Determination

The intense radiation at the shock front is utilized to
measure the shock speed. Three pairs of photomultipliers
are placed perpendicular to the axis of the tube, the
units of each pair being 1 ft apart. The radiation of

Fig. 8. Low-pressure measuring system

the photocells is collimated through four 0.006-in. slits,
yielding a passage time of a fraction of a microsecond.
Because of the change of radiation intensity, each photo-
cell sees (1) the arrival of the shock, (2) the test gas or
test time, (3) the contact surface, and (4) the arrival of
the expansion wave. Figure 9 shows a typical photomulti-
plier record of the flow history. The typical nonequilib-
rium overshoot as the shock arrives is clearly indicated.
The measured time between the two nonequilibrium
peaks is used to obtain the shock speed, and the flat
plateau after the overshoot is interpreted as the equilib-
rium test time. The arrival of the driver gas behind the
contact surface is indicated by the sudden increase in
intensity. The subsequent decrease in intensity is believed
to be due to the arrival of the expansion wave. The pho-
tomultiplier records supply not only the shock speed as a
function of distance along the tube, but also useful in-
formation as to the growth of test time along the tube
and the character of the test slug. These data are more
fully discussed in Section V.
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Figure 10 shows a block diagram of the shock-speed
measuring system. The output of the photocells is fed into
a raster system. Since only the arrival of the shock is
needed for shock-speed determination, the remainder of
the signal is masked by a noise gate, and a uniform pulse
is formed. Pulses from all the stations are then mixed and

bo—= 10 psec
e TEST
| TIME

ARRIVAL OF
CONTACT SURFACE

NONEQUILIBRIUM
OVERSHOOT

SHOCK SPEED = | ft /AT

Fig. 9. Photomultiplier trace

fed into the Y axis of an oscilloscope, together with a saw-
tooth input which drives the signal vertically. A raster
generator feeds triangle pulses into the X axis and time-
mark pulses into the Z (intensity modulation) axis. A
sweep length of 80 to 109 c¢m is produced, as opposed to
the conventional sweep length of 10 cm. The crystal
markers are placed 1 cm apart, and the sweep time can
be chosen by varying marker, triangle, and sawtooth
frequencies. Typically, markers occur at 5- or 10-usec
intervals, giving a total sweep time of several hundred
microseconds. A typical raster trace is shown in Fig. 11.

Fig. 11. Raster trace

RASTER
NOISE PULSE
GATE FORMER OSCILLOSCOPE
——
STATION > —I—
No. L . bsweep Z INPUT]
< -msec l-psec
i PHOTO— |\ MPLIFIER | ONE—SHOT [ONE=SHOT TRIGGER
MULTIPLIER MULTIPLIER |MULTIPLIER
RASTER
GENERATOR
X INPUT] AAMAA
(o
MIXER
e
0 +Y INPUT
DIFFERENTIAL
= SAWTOOTH OUT

L

Fig. 10. Block diagram of shock-speed measuring system
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Here, the total time history of the shock as it travels the
length of the tube is recorded, and shock-speed and atten-
uation data can be obtained directly from this trace.

In addition to the photomultiplier determination of
shock speed, the velocity of the shock was measured by
a Kistler pressure gage. Within the accuracy of the mea-
surements, the pressure-determined shock speed agreed
with that determined by the photomultipliers. The arrival
of the expansion surface, as indicated by the pressure
transducer, also agreed with photomultiplier data.

OPTICAL WINDOW,
THIN-FILM GAGE,
PRESSURE TRANSDUCER,

Z
T

7
/-d— 1.005
%

- {

ra

R I
—

FORM-FITTED
TO SHOCK TUBE
INNER WALL

Fig. 12. Sketch of instrument port

C. Model Support and Instrument Ports

In addition to the two basic measurements of initial
pressure and shock speed, measurements of the test gas
must be performed. Sidewall measurements are obtained
by utilizing instrument ports, as shown in Fig. 12. With
this arrangement, optical, pressure, and thin-film measure-
ments can be made with interchangeable inserts.

The model support is shown in Fig. 13. Attached to the
support is a 1-in. calorimeter model that has been used in
the determination of convective heat transfer in planetary
atmospheres. This support has also been used for a flat-
face radiation model, employed to determine the total
radiant heat transfer from planetary atmospheres.

Fig. 13. Model support
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IV. OPERATION

The capacitor bank is located in an enclosed area which
is outside the general working area. The control area is
enclosed by a strong wall, composed of two layers of
Y-in. steel plate and two layers of %-in. plywood. Before
the capacitor bank is charged, all personnel are assembled
in the control area. To ensure that the capacitor bank area
and the shock tube area are cleared, a key-interlock sys-
tem was installed. The capacitor bank cannot be charged
until the correct key is inserted in the control panel. This
ensures several safety procedures: to obtain the proper
key, the door to the shock tube area must be locked, the
door to the capacitor room must be locked, and a safety
switch must be opened. After firing, before the shock
tube area or the capacitor bank area can be entered, the
capacitors must be discharged through a bank of resistors,
and all capacitors must be physically grounded by closing
the safety ground switch. Only after completion of this
procedure can the shock tube area be entered.

The control panel shown in Fig,. 6 is located within the
control area. It consists of three units: (1) the upper unit,
containing the controls for various valves which are part
of the vacuum system; (2) the second unit from the top,
comprising the scope trigger and shutter actuator panel,
which allow the operator to reset the sweeps and open
the shutters of the oscilloscopes being used in the shock
tube area; and (3) the last two panels, constituting the
controls for the high-voltage charging unit and the dis-
charge actuator.

In the bottom panel (Fig. 6), the key insert for the key-
interlock system can be seen. To the right of the
insert is the discharge actuator, or fire button; this mecha-
nism activates the solenoid which closes the circuit and
discharges the capacitor bank. The remote operation of
the shock tube from this control panel ensures maximum
safety for operating personnel.
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V. PERFORMANCE AND EVALUATION

In keeping with the need to use a driver gas having
as low a molecular weight as is practicable, the gas em-
ployed is helium. The real-gas equilibrium conditions in
the driver have been calculated (Ref. 4) as a function of
total energy input, using a Mollier Diagram for helium
(Ref. 5). The pressure P,, temperature T, and the ratio
between the sound-speed of helium a, and the sound-
speed of air a, are plotted as functions of energy input
(j/cm?®) in Figs. 14, 15, and 16. These values for the ther-
modynamic state behind the diaphragm are used in the
performance calculations of the shock tube.

Some typical measured values of shock speed V, as a
function of energy input AE/V (Ref. 6) are shown in
Fig. 17. An empirical correction to the sound-speed of
the driver gas (helium) has been made to account for the
inclusion of liner ablation products in the gas (Ref. 1).
This correction changes the sound-speed to a value which
represents about 77% of the theoretical value. The maxi-
mum shock speed measured with useful test time has

Pas psia
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L
/ 300
4 /
32 / /
/X
° / / |_—-200
s
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Fig. 14. Driver pressure vs energy input

10

been about 32,000 fps into 250 x Hg in the 6-in. driven
tube at a length/diameter (L/D) ratio of 71. These mea-
surements were made in a 9% CO., 1% A, 90% N. mix-
ture. The test time was approximately 12 usec. At a lower
initial pressure, it is clear that shock velocities of 35,000
fps with useful test times of about 7 to 8 usec are obtain-
able. In the electrical hypervelocity shock tube, the ulti-
mate shock velocity with a still useful test time would be,
perhaps, of the order of 40,000 fps. Contrary to what one
might think from theoretical considerations, higher initial
driver pressures (P, ~ 225 psi) have given higher shock
speeds for the same energy input.

Shock attenuation as a function of distance from the
diaphragm is shown in Fig. 18, where a comparison is
made with the AVCO Corporation data from a similar
shock tube (Ref. 1). The peak attenuation rate is obtained
in the first 28 ft of the driven tube. The data indicate that,
at the higher initial driver pressures (P,, ~ 225 psi), the
attenuation is smaller.
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Fig. 15. Driver temperature vs energy input
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Fig. 16. Sound-speed ratio vs energy input

In Figs. 19 and 20, some measured test times are
plotted for initial driven tube pressures P; of 0.250 and
1 mm Hg. The test times are given as measured at an
L/D value of 54.5, in order to make a valid comparison
with previous data reported in Ref. 1. Again, it is evident
that higher driver pressures (—~ 250 psi) give better test
times, in general.

In an effort to verify the existence of a straight shock
and a uniform test slug, pictures of the shock wave were
taken with an image-converter camera. A 6-in. Pyrex
insert allows a picture of the complete shock in the 6-in.
tube. The resulting photographs (Fig. 21) show a straight
shock, as well as a uniform test slug. A bright region at
the front of the shock is due either to impurity radiation
or to nonequilibrium radiation. The turbulence at the
contact surface is characteristic of high-velocity shocks.
In some cases, this turbulent region extends throughout
the entire test slug, so that no useful test time is obtained.

A further indication of a good test gas is given by the
output of photomultipliers, as shown in Fig. 9. The flat
plateau indicates a good test slug. Where the photographs

INCIDENT SHOCK VELOCITY 1, fps % 1073

SHOCK VELOCITY, fpsxiO3
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have indicated an extended turbulent region or a non-
planar shock, the photomultiplier output shows a distinct
slope. When model tests are conducted, such as studies
of convective heat transfer or total radiant heat transfer, CONTACT

the quality of the test slug is further checked by means SUREACE UNIFORM TEST SLUG
of a monitoring photocell collimated in front of the
model. A good test-gas sample is indicated by a flat
plateau similar to that shown in the previous photocell Fig. 21. Image-converter-camera photograph of
output, shock wave
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VI. SUMMARY

The electrical shock tube has the capability of simu-
lating entry velocities up to 45,000 fps. This is adequate
for Venus missions and more than adequate for Mars
missions. The shock tube has already produced useful
information on convective and radiative heat transfer in
planetary atmospheres; these data have been summarized
in Refs. 7, 8, and 9, and will be discussed more fully in
a future technical paper.! Active investigations of radiant
gases are now being conducted on simulated planetary

atmospheres. The engineering information obtained in
these studies will be useful in determining design speci-
fications of the spacecraft for planetary missions to Mars
and Venus.

1Thomas, G. M., and Menard, W. A., Experimental Measurements
of Nonequilibrium and Equilibrium Radiation from Planetary
Atmospheres, to be presented at the Re-entry Physics Session of
the AIAA Entry Technology Conference, Williamsburg, Virginia,
October 12-19, 1964.
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